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ABSTRACT
The processes govermng water exchange between lakes, their surrounding
watersheds, the atmosphere, groundwater and surface water are enonnously complex and
often difficult to quantify. Rainfall and surface water inputs and outputs can be easily
measured, but evaporation and groundwater exchange are extremely difficult to measure
directly and must be inferred. Through a unique modeling approach, this has been
achieved for L. Lacawac and L. Giles, two relatively small Lakes of the Pocono Plateau
which both have similar watershed:lake area ratios, and lack any major inflow and
outflow streams making them ideal for this water budget analysis.
On both lakes floating weather stations continuously recorded precipitation, air
temperature, wind speed and direction, relative humidity, and water surface temperature
at l5-minute intervals. Submersible pressure sensors were successfully installed and
calibrated at both lakes and recorded surface level with 0.1 mm resolution. The length
and remarkable accuracy of this record allowed us to partition sub-millimeter changes in
water level into inputs (rain, stonn runoff) and outputs (evaporation, stream outflow).
For the course ofthe entire study, Lake Lacawac and Lake Giles received respective total
inputs of34l and 387 mm from rain and runoff.
Evaporation rates alone are calculated using a simplified mass-transfer model
based on the weather station data records. These evaporation rates are the subtracted
from the inferred net surface level changes to yield net groundwater exchange during
periods when runoff is absent in Lake Lacawac, and the combined rate of net
groundwater exchange and stream outflow in Lake Giles. Total output due to
evaporation and net groundwater seepage from Lake Lacawac was 375 mm, while total
output from Lake Giles due to evaporation, stream outflow, and net groundwater seepage
was 524mm.
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CHAPTER ONE: INTRODUCTION
1.1 Water Budgets
All lakes are involved in the hydrologic cycle and perpetually interact with
atmospheric water, surface water, and groundwater. The water budget of a lake ~s
represented by the fluxes of water to and from each of these components. Water budgets
are useful in quantifying specific gains and losses of from a body of water and in
determining the flow paths of water, which govern transport of biological and chemical
solutes. These fluxes will determine the amount of storage and influence the water
quality of a lake or reservoir, which in tum may impact the ecological community, as
well as recreational uses and power generation. As a result, water budgets are often an
integral part of resources planning and management projects in addition to biological and
chemical field studies.
Mathematically speaking, the water budget for a body of water is determined by
the inputs minus the outputs, plus or minus any change in storage. For lakes, inputs
include: (1) atmospheric water in the form of direct precipitation, (2) surface water as
stream inflow and overland runoff, and (3) groundwater through seepage into the lake.
Outputs include: (1) evaporation of water into the atmosphere from the surface of the
lake, (2) outflow of surface water through streams, and (3) groundwater seepage out of
the lake. A change in storage will result when these inputs and outputs are unbalanced
and will be indicated by a change of lake surface level.
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In general, precipitation and stream inflow and outflow can be measured directly
and with reasonable accuracy. Precipitation gauges placed at the lake can provide
accurate measurements of rainfall, but the design and placement of the gauges must
reflect the prevalent nature of the precipitation patterns in the region of the study.
Streamflow can be easily and reliably monitored by current meters and recording stage
gages at the points of inflow and outflow. The construction of weirs or flumes at these
points will generally enhance the accuracy ofdischarge measurements.
Other components of the water budget are not well understood and cannot be
measured directly. Evaporation, groundwater exchange, and both overland and
subsurface runoff must be accounted for through indirect methods and are typically
estimated from hydrogeological and meteorological data.
1.2 Evaporation
Evaporation is the phenomenon by which liquid water is converted to water vapor
by the transfer of water molecules to the atmosphere (Singh, 1992). According to
Dalton's fundamental law of evaporation, the rate of evaporation from an open water
surface is directly dependent on the difference between the saturation vapor pressure at
the water surface and the vapor pressure in the air above the water surface. Wind and
vertical mixing of the air above the water maintain the vapor pressure gradient. Other
factors also influence evaporation rates as they modify the saturation vapor pressure,
including solar radiation, air temperature, water temperature, and atmospheric pressure.
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Direct measurement of evaporation from lakes is not possible as evaporation instruments
are not yet fully satisfactory (WMO, 1985). There are currently four generally accepted
methods of estimating evaporation from lakes. They are the mass budget, the energy
budget, and mass-transfer methods, as well as evaporation pan correlation.
1.2.1 Mass Budget Method
Mass budget methods are based on the principle of conservation of mass and
require that the rate of inflow minus the rate of outflow equal the rate of change of water
stored. Accordingly, evaporation can be solved for if all other terms are known, but as
previously stated, groundwater seepage is difficult to measure directly, leaving two terms
unknown. Thus, the mass budget method is difficult to apply to lakes unless evaporation
can be independently estimated at first and used to then determine seepage, but this may
introduces bias. Further, seiches and thermal expansion must be accounted for in surface
level readings. In view of these possible errors, the mass balance method is not likely to
be applicable to lakes over periods shorter than a week, or more commonly, a month
(Brutsaert, 1982).
1.2.2 Energy Budget Method
The energy budget method is based on the conservation of energy and dictates
that the change in the energy stored in a lake is equal to the net incoming radiation plus
the net energy advected into the lake minus the energy conducted from the lake to the
atmosphere minus the energy utilized for evaporation. This method is generally
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considered to be the most accurate for estimating evaporation over periods of months,
seasons or years and empirical methods are commonly evaluated against it for
comparison. However, energy budget studies on lakes require sophisticated equipment
and high personnel costs to maintain and frequently calibrate these instruments. Thermal
surveys must be performed on the lake at regular intervals also. As a result, energy
budget studies are extremely intensive and not commonplace.
1.2.3 Mass-Transfer Method
In accordance with mass-transfer theory, the mass transfer method of estimating
evaporation treats the process of evaporation as the turbulent transport of water vapor
into the overlying boundary layer. Most studies formulate evaporation as the difference
between the saturation vapor pressure at the lake surface and the vapor pressure of the air
multiplied by a function of wind speed at a specified height above the surface. The
function of wind speed is itself typically a function of several variables including
roughness of the lake surface, lake size, barometric pressure, atmospheric stability, and
kinematic viscosity of the air. In numerous studies, mass-transfer equations have been
developed and calibrated against results from the energy budget method for several lakes,
one example being a study conducted on Lake Mead in Colorado (Harbeck, et aI., 1958).
In most cases, satisfactory results were obtained for periods of one week or longer. The
Harbeck and Penman Aerodynamic Methods are examples of these studies; but nearly all
are based on mass-transfer equations where evaporation is considered to be proportional
to the product of wind speed and the vapor pressure difference between the surface and
6
the air at a specified height (White, 1997).
1.2.4 Evaporation Pan Method
Evaporation pans have been used commonly to estimate evaporation from lakes
for decades. There are several different types of evaporation pans, varying in size,
construction material and design. Some evaporation pans are installed on land embedded
in the ground while others can be floated in a water body, but most are designed to be
placed on land above ground. This latter category includes standard Class A pans which
are by far the most common and easy to maintain, but are also the most adversely
affected by wind and heat fluctuations. To correlate the markedly different thermal and
wind regimes of lakes and pans, a pan to lake coefficient is used. An independently
determined estimate of lake evaporation is needed to calculate a pan to lake coefficient,
but these estimates may have significant associated errors. Further, studies have
suggested that these coefficients can vary widely over space and time (Jones, 1992).
Consequently, evaporation pan measurements are more accurate for monthly and yearly
evaporation estimates as opposed to shorter time periods.
1.3 Groundwater Exchange
In most lake systems, atmospheric and surface water exchanges dominate the
water budget while groundwater exchange is of relatively less consequence and often
assumed negligible in many water budget analyses. However, groundwater exchange can
be extremely important in chemical transport, especially in closed or isolated lake
7
systems.
When groundwater flux is considered, it is usually measured directly by either
seepage meters or minipiezometers. Seepage meters are barrel-like chambers with an
expandable bag containing a known volume of water attached to a valve at the opening of
the chamber. These devices are inserted to enclose a portion of the lake bed and allow
transfer of water between the bag and the lake bed while the valve is open. The change
in volume of the bag over this period is equivalent to the seepage rate. Minipiezometers
are small diameter piezometers inserted into the lake bed which measure the hydraulic
head difference between the groundwater and the lake level rather than seepage directly.
Both of these types of meters are generally used for collecting discrete measurements as
opposed to continuous monitoring. These types of measurements have a disadvantage
when the distribution of seepage in lake beds varies spatially as well as temporally with
changes in climate and local hydrology.
Additionally, theoretical approaches have been used to model lake and
groundwater interactions from hydrogeological data taken from test wells and
piezometers. However, these studies require a vast and costly network of wells and/or
piezometers to be installed in the surrounding area and are almost exclusively performed
on flow-through lakes.
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1.4 Project Overview
The primary objective of this study is to determine the complete water budgets of
Lake Lacawac and Lake Giles (Figure 1.1) during the summer of 1997 using a
continuous record of environmental data collected over the course of the study.
Precipitation is measured directly while sub-daily rates of evaporation and seepage are
estimated from the data record through a unique empirical modeling approach. Ultra-
precise water level sensors installed in both lakes provide extremely accurate records of
surface levels. The environmental data utilized in this study were recorded by-two
floating weather stations, one on each lake, and by one ground station located in close
proximity to Lake Lacawac. Environmental variables measured include, wind speed, air
temperature, relative humidity, water temperature at various depths, barometric pressure,
precipitation, and incoming solar radiation. All three stations are operated and
maintained by Lehigh University.
Lake Lacawac and Lake Giles are ideal sites for this study because: (1) vast
catalogs of environmental data exist for both lakes, (2) neither lake has any significant
inflow streams and Lake Giles has only a small outflow stream, simplifying surface water
evaluations, and (3) evaporation and seepage models for these lakes may be applied to
other lakes in the Pocono Plateau ofnortheastern Pennsylvania.
1.4 Description of Lake Lacawac
Lake Lacawac is a relatively small mesotrophic lake located at 41 0 22' 57"
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latitude and 75° 17' 35" longitude in the Pocono Mountain region of Wayne County,
Pennsylvania. The lake and most of its watershed are currently preserved as part of The
Lacawac Sanctuary, a mainly undeveloped private 500-acre preserve devoted to public
education, research and conservation established in 1966. A heavily vegetated peat bog
borders the lake on the north and west shores while a second-growth oak and hemlock
forest surrounds the rest of the lake and covers the watershed. Septic waste from the few
residences at Lake Lacawac has been diverted from the watershed. This 15,000 year-old
natural lake is roughly horseshoe in shape and its surface is at an elevation of 439 m
above sea level.
Lake Lacawac drains an area of 700,000 m2, has a surface area of 214,00 m2, a
volume of 1.12 x 106 m3, a maximum depth of 13.0 m, and a mean depth of 5.2 m. The
residence time of the lake is 3.3 years (Schultz and Weisman, 1990, unpublished) and
although a groundwater analysis has not been performed, we suspect that the residence
time is driven mainly by local precipitation. There are no well-defined channels flowing
into the lake and the only outflow of surface water is a tiny creek at the northeastern edge
of the lake, which was effectively blocked by a beaver dam over the course of this study.
1.5 Description of Lake Giles
Lake Giles is a moderately small oligotrophic lake located at 41 ° 22' 34" latitude
and 75° OS' 33" longitude 428 m above sea level in Pike County, Pennsylvania. Lake
Giles and its surrounding watershed are owned by the Blooming Grove Hunting and
10

















Figure 2.1: The Lake Lacawac Weather Station (LWS) (photo courtesy ofBruce
Hargreaves).
A = Datalogger
B = 12 Volt battery
C = Solar Panels
D =Air Temperature and Relative Humidity Sensor
E = Pyranometer
F = PAR Sensor
G =Wind Speed Monitor
H = Precipitation Gauge
I = Deck
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Figure 2.1: The Lake Lacawac Weather Station (LWS) (photo courtesy of Bruce
Hargreaves).
A = Datalogger
B = 12 Volt battery
C = Solar Panels
D = Air Temperature and Relative Humidity Sensor
E = Pyranometer
F =PAR Sensor
G = Wind Speed Monitor
H = Precipitation Gauge
I = Deck
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Figure 2.2: Seasonallocations of the Lake Lacawac weather station (photo courtesy of
Bruce Hargreaves).
W =Winter position
S =Summer position
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Figure 2.2: Seasonal locations of the Lake Lacawac weather station (photo courtesy of
Bruce Hargreaves).
W = Winter position
S = Summer position
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Figure 2.3: The Lacawac Field Weather Station (photo courtesy ofBruce Hargreaves).
A = Datalogger
B = Solar Panels
C = GUY Sensor
D = Fence
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Figure 2.3: The Lacawac Field Weather Station (photo courtesy of Bruce Hargreaves).
A = Datalogger
B = Solar Panels
C = GUY Sensor
D = Fence
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Figure 2.4: The CS105 Barometric Pressure Sensor prior to installation at the Lacawac
Field Weather Station (photo courtesy ofBruce Hargreaves).
A = Pressure Fitting
B = 1/8" tubing
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Figure 2.4: The CS 105 Barometric Pressure Sensor prior to installation at the Lacawac
Field Weather Station (photo courtesy of Bruce Hargreaves).
A =Pressure Fitting
B = 1/8" tubing
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Figure 2.5: The Lake Giles Weather Station (GWS) (photo courtesy ofBruce
Hargreaves).
A =Datalogger
B =Solar Panel
C = Temperature and Relative Humidity Probe
D =PAR Sensor
E = Wind Monitor
F =Precipitation Gauge
G =Grounding Rod
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Figure 2.5: The Lake Giles Weather Station (GWS) (photo courtesy of Bruce
Hargreaves) .
A = Datalogger
B = Solar Panel
C = Temperature and Relative Humidity Probe
D = PAR Sensor
E = Wind Monitor
F = Precipitation Gauge
G = Grounding Rod
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Figure 2.6: Seasonal positions ofthe Lake Giles weather station (photo courtesy of
Bruce Hargreaves)
S =Summer position
W =Winter position
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Figure 2.6: Seasonal positions of the Lake Giles weather station (photo courtesy of
Bruce Hargreaves)
S = Summer position
W = Winter position
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CHAPTER THREE: H310 SENSOR INSTALLATION AND CALIBRATION
3.1 Introduction
In order to resolve the water budgets of Lake Lacawac and Lake Giles on daily
time scales, it is critical to possess extremely accurate and reliable records of surface
level changes. Since these changes are on the order of only a few millimeters per day,
-
this poses a severe challenge and is not often attempted. However, in this study we
utilize the HzOFX (a division of Design Analysis Associates, Inc) WaterLog Series
Model H-31O Submersible Pressure Transducer (referred to as the H310 sensor hereafter)
which is ideal for monitoring water level with extreme precision (Figure 3.1).
H310 sensors were deployed at the weather stations of both lakes in June 1997.
Since Lake Giles is nearly twice as deep as Lake Lacawac, the sensor installed in Lake
Giles is designed to operate under a pressure range of up to 30 psi and is suspended at a
depth of 19.5 m as opposed to a 15 psi limit and a 9.5 m suspension depth in Lacawac,
but the sensors are otherwise equivalent.
3.2 Design and Instrumentation
The H310 sensor is designed to be easy to install and maintain while providing
extremely accurate water level measurements. A schematic of the sensor design from the
manufacturer is provided at the end of this chapter (Figure 3.2). Installation requires
vertical suspension of the sensor by the support bail at a stable depth within its operating
34
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Screened Port I
Electronics
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+>-
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Vented Cable J
L Hook-Up Cable
--Dry Air System
Figure 3.2: Schematic of the WaterLog H310 sensor system (H20FX, 1997).
Figure 3.3: Housing of the dry-air compensation chamber for the H310 sensor at the
Lacawac Weather Station (photo courtesy ofBruce Hargreaves).
A = H310 Sensor
B = Covered Polyethylene Venting Cable
C = Housing for the Compensation Chamber
D = Precipitation Gauge
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Figure 3.3: Housing of the dry-air compensation chamber for the H31 0 sensor at the
Lacawac Weather Station (photo courtesy ofBruce Hargreaves).
A = H310 Sensor
B = Covered Polyethylene Venting Cable
C = Housing for the Compensation Chamber
D = Precipitation Gauge
47
I+-__VENTED
CABLE
+--__LAKE
BOTTOM
I+-+:I--BALLAST
WEIGHT
M--- STEEL CABLE
TO
WEATHER
STATION
Figure 3.4: Method ofR310 Sensor deployment in Lakes Lacawac and Giles.
Black stars represent points ofattachment.
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Figure 3.5: Kay Farkas measuring the level of Lake Lacawac at the fixed reference point
on the dock support frame (photo courtesy ofBruce Hargreaves).
A = Ruler
B = Reference stake
C = Dock Support Frame
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Figure 3.5: Kay Farkas measuring the level of Lake Lacawac at the fixed reference point
on the dock support frame (photo courtesy of Bruce Hargreaves).
A = Ruler
B = Reference stake
C = Dock Support Frame
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Figure 3.7: The thermal structure of Lake Lacawac from March 1 to October 13, 1997. Temperatures at 0, 1,2 and
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Figure 3.8: The density structure of Lake Lacawac between April 11 and October 13, 1997.
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Figure 3.9: Linear regression of the corrected dock measurements against the H310 sensor measurements,
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Figure 3.10: Observed and estimated response ofLake Lacawac to a large
precipitation event on September 9,1997.
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CHAPTER FOUR: HYDROLOGIC MODELLING
4.1 Introduction
One goal of this study was to quantify the components of the water budgets of
Lakes Lacawac and Giles, as well as elucidate the relative importance of each component
within each budget. Since neither lake had a significant inflow stream during the course
of the study, input components were limited to precipitation, which was directly
measured by gauges on weather stations at both lakes with 0.1 mm resolution, and runoff
(overland flow, throughflow, and interflow) from the watershed, which was calculated
from precipitation data and the H310 sensor record of surface level, as described in the
previous chapter. The output components of evaporation and groundwater seepage could
not be easily measured or calculated, which is a typical problem in water budget analyses.
Other studies to solve this problem for evaporation often utilize energy budget
and mass transfer methods, but the energy budget method requires expensive and
sophisticated equipment, and both generally yield reliable rates for periods of 10 days or
longer only. Recently, techniques to estimate short-term evaporation rates have been
devised. These new techniques include isotopic mass balance analysis to quantitatively
account for isotopic enrichment due to evaporation (Gibson, et aI, 1996), and the
correlation of infra-red satellite data with meteorological ground station measurements to
estimate evaporation through empirical relationships (Shaltout and Housry, 1997).
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Most water budget studies that attempt to measure groundwater seepage utilize
minipiezometers or seepage meters to obtain direct measurements. However, the
accuracy of these devices is uncertain and they can only provide point measurements in
space and time and do not account for non-uniform spatial and temporal distribution of
seepage (Winter, 1981).
With the vast catalogues of environmental data from both lakes at our disposal,
we devised a unique approach to estimate both evaporation and net groundwater seepage
rates. We used the existing records of surface levels and precipitation events to partition ---
level changes into inputs from rain and the remaining net change due to storm runoff,
evaporation, and net seepage, with the latter term being defined as the combined
exchange between groundwater and bog at Lacawac and the combined net rate of
groundwater exchange and stream outflow at Giles. An evaporation model based on
vapor pressure difference was then constructed from several environmental variables and
tuned using the H310 water level record. After estimating the fraction of daily surface
level change due to evaporation alone, the net seepage rates were solved for by
difference, both inclusive and exclusive of runoff.
4.2 Initial Fractionation of Surface Level Record
4.2.1 Approach
In this approach we assumed that rainfall values measured at the weather stations
were accurate representations of a uniform distribution of rain impinging on the entire
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lake surfaces. We also assumed that during times of no precipitation, any change in
measured lake surface level was entirely due to net groundwater exchange (which was
assumed to be outseepage based on preliminary investigations), evaporation and runoff.
During times of precipitation, evaporation was assumed insignificant and level change is
assumed to be due to precipitation, runoff and net seepage only. For simplifying
purposes, the outflow stream of Lake Giles was assumed negligible at this stage of the
analysis, though it was periodically monitored throughout most of the summer and
quantified in a separate analysis.
4.2.2 Methods
For both Lake Lacawac and Lake Giles, the same method of fractionating surface
level change was used. The method consists of several steps of data analysis. First, the
data within the Reflex™ files was formatted from IS-minute intervals to O.07-day (1.75
hour) intervals, summing rainfall and averaging all other parameters. To allow for
further manipulation, these reformatted files were converted to monthly QuattroPro™
database files. Within QuattroPro™, surface level change per O.07-day interval was
determined by calculating the difference between adjacent values of average surface level
per interval.
When rainfall was summed and other parameters were averaged over O.07-day
intervals, a bias was introduced because rainfall values were representative of the total at
the end of the intervals while the values of all other parameters were representative of the
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average value at the middle of the intervals. Figure 4.1 shows an example of this bias,
which is clearly evident as large negative peaks in the net level change or difference
between measured rainfall and measured surface level change per interval. This was
corrected by including a fraction of each total rainfall value per interval within that given
interval and then incorporating the remaining fraction into the following interval and so
on. The magnitudes of the fractions were manipulated until the bias was minimized to
the greatest extent, as displayed in Figure 4.2. Minimum bias occurred when 50% of the
cumulative rainfall was transferred to the following interval. These reformatted values of
rainfall per interval were then subtracted from the level change per interval values
yielding change due to the other water budget components of evaporation, seepage, and
runoff, hereafter referred to as the net level change.
4.2.3 Results
A graphical analysis of this method is shown in figure 4.3 for the beginning of
September at Lake Lacawac. Excluding times of precipitation events, a daily pattern of
surface level change was evident. This cycle was dominated by relatively high rates of
losses during the day when solar radiation, air temperature and wind speed were at a
maximum. Larger peaks correspond with intervals of high winds and low relative
humidity. During the night, loss rates were minimal.
Additionally, the net surface level change increased dramatically during periods
of rainfall, as expected due to increased levels of runoff from the watershed.
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Furthermore, this behavior continued for at least a day after the large rain event on
September 11 suggesting the delayed input of runoff as it percolated through the soil of
the watershed. However, during the same event observed at Lake Giles (Figure 4.4), both
the amount and duration of runoff were significantly less pronounced as noted in the
previous chapter. This response suggests that the watershed of Lake Giles may possess
more porous soil characteristics than the watershed of Lake Lacawac, allowing less
rainfall to runoff into the lake as overland and subsurface flow.
4.3 Vapor Pressure Difference Model
4.3.1 Approach
To further fractionate net surface level change and resolve the final components
of the water budgets, a model to quantify evaporation rates at both lakes was developed.
Our model is a simplified version of a bulk aerodynamic equation or a simplified mass-
transfer method similar to one used in a field study of evaporation from a wet soil surface
which demonstrated excellent agreement with direct soil lysimeter measurements of
hourly and daily evaporation rates (Conway and van Bavel, 1967). Our model was based
on the vapor pressure difference of water at the lake surfaces and of water at 3 and 1 m
above the lake surface at Lake Lacawac and Lake Giles, respectively. Factors included in
the model were mean wind speed, air temperature, water temperature at 0.1 m, relative
humidity and barometric pressure, which allowed us to account for seasonal changes in
evaporation rates. We used barometric pressure data recorded at the LFS at our disposal
and assumed that these readings were reasonably equivalent to those that would have
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Figure 4.3: Measured rainfall and computed net surface level change due to evaporation, runoff and groundwater
exchange at Lake Lacawac during September 1-21,1997.
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Figure 4.4: Measured rainfall and computed net surface level change due to evaporation, runoff and groundwater
exchange at Lake Giles during September 1-21, 1997.
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Figure 4.5: Monthly average measured barometric pressure and computed vapor pressure deficit at Lake Lacawac for
the summer of 1997.
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Figure 4.6: Monthly average wind speed, air temperature and surface water temperature as measured at Lake Lacawac
during the summer of 1997.
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Figure 4.7:Monthly average wind speed, air temperature and surface water temperature as measured at Lake Giles during
the summer of 1997.
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Figure 4.9: Modeled evaporation rates against net level change and rainfall for 16-31 July 1997.
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Figure 4.10: Evaporation rates determined from the vapor pressure difference model against net level change and
rainfall for Lake Giles between July 16-13, 1997.
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Figure 4.12: Comparison of evaporation model monthly evaporation estimates to those
determined by White's empirical mass-transfer equation.
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Figure 4.13: Lake Giles outflow stream discharge against time. Regression
analysis plotted and used to estimate discharge rates after September 2nd•
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Figure 4.26: Complete water budget ofLakeLacawac between 1July and 19 October,
1997.
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Figure 4.27: Complete water budget ofLake Giles overthe study period.
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CHAPTER FIVE: CONCLUSION
5.1 Summary of Results
Using a unique approach based on a combination of direct measurements and
an empirical model, the water budgets of Lake Lacawac and Lake Giles, two lakes in
the Pocono Mountain region of northeast Pennsylvania, were determined for the
summer of 1997. Precipitation was measured directly by rain gauges installed on
floating weather stations at both lakes while evaporation was modeled from the
catalogues of environmental data compiled by the weather stations. Ultra-precise
surface level sensors were installed and calibrated at both lakes to provide records of
sub-millimeter changes in water level. These records were used to estimate storm
runoff received by the lakes as well as evaluate the evaporation model. Net
groundwater seepage of Lake Lacawac was estimated by subtracting the modeled
evaporation rates and rainfall from the observed changes in surface levels. For Lake
Giles, net groundwater seepage was estimated by subtracting the modeled
evaporation rates, rainfall, and discharge of the outflow stream from the observed
changes in surface levels.
5.2 Conclusions
5.2.1 Precipitation and Runoff
The weather stations at. both lakes continuously monitored rainfall with a
resolution of 0.1 mm. Cumulative rainfall values were determined to be 266 mm for
Lake Lacawac between July 1 and October 19, 1997 and 321 mm for Lake Giles
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between July 1 and October 31, 1997. The precipitation records were used in
conjunction with the H310 sensor record of surface level changes to estimate total
runoff incurred by large stonns. Over the course of the study, Lake Lacawac and
Lake Giles received totals of74 rom and 66 rom ofrunoff, respectively.
5.2.2 Stream Outflow
Since neither lake possesses any channelized inflow streams, surface
exchange of the lakes was completely accounted for by estimating runoff as
previously mentioned, and by monitoring the outflow streams of both lakes. We
concluded that water loss through the outflow stream of Lake Lacawac was
insignificant over the course of the study. The outflow stream of Lake Giles was
gauged and total discharge was estimated to be 137 mm of lost surface level.
5.2.3 Evaporation
An empirical model based on vapor pressure difference was developed to
estimate evaporation rates on a sub-daily scale at both lakes. The same model was
applied to both lakes, but a significantly different scale factor was required for each.
The model demonstrated an excellent fit to measured changes in surface levels on
both time_and amplitude scales. The model predicted total evaporative losses of 306
mm and 374 mm over the study period for Lake Lacawac and Lake Giles,
respectively.
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5.2.4 Groundwater Exchange
Residual differences between measured surface levels and modeled
evaporation rates provided estimates of surface level change due to net groundwater
flux in Lake Lacawac. Estimates of the discharge of the outflow stream were used in
conjunction with residual level change to estimate net groundwater seepage rates at
Lake Giles. For Lake Lacawac, total net groundwater seepage was estimated to be 69
rom over the study period. For Lake Giles, total groundwater seepage was estimated
to be 10 rom. Net groundwater seepage was by far the weakest component of the
water budget ofboth lakes.
5.2.5 Overall Water Budgets
For the course of the entire study, Lake Lacawac and Lake Giles received
respective total influxes of 341 and 387 rom from rain and runoff. For Lake
Lacawac, rain comprised 78% of total influx while the remaining 21% was due to
runoff from the watershed. For Lake Giles, rain comprised 83% of total influx and
runoff from the watershed accounted for 17% of total influx. Total output due to
evaporation and net groundwater seepage from Lake Lacawac was 375 rom, while
total output from Lake Giles due to evaporation, stream outflow and net groundwater
seepage was 524 rom. Evaporation comprised 78% and 80% of total output from
Lake Lacawac and Lake Giles, respectively. Net groundwater seepage accounted for
22% of output from Lake Lacawac. Net seepage, including groundwater seepage and
stream outflow, accounted for 21% of total output from Lake Giles. This combined
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fraction was nearly entirely due to stream outflow alone.
5.3 Significance
This study quantified the fluxes of water in and out of Lake Lacawac and
Lake Giles for the majority of the summer of 1997 and concluded that precipitation
and evaporation were the major components of the water budgets of both lakes. this
finding has significant consequences for ecosystems within the lakes. As the
dominant input source of water, precipitation will determine the water quality of both
lakes to a large extent. The quality of the rain itself, as well as the quality of runoff
incurred by precipitation events will influence the amounts and types of both organic
and inorganic dissolved and particulate matter present within the water columns.
Furthermore, as the major driving force of water loss, evaporation removes water
from the lakes but does not remove dissolved and particulate matter as an outflow
stream would. Thus, evaporation serves to concentrate the dissolved and particulate
constituents present within the water columns, which, in turn, will govern the optical
properties of the lakes and the transparency of the water columns to ultra-violet
radiation, which is currently a major concern to aquatic ecologists.
5.4 Future Work
This study was a preliminary investigation into the hydrology of two Pocono
lakes based on environmental data records. Measured data were used to estimate both
evaporation and net groundwater seepage rates experienced by both lakes. In the near
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future, a Class a evaporation pan will be installed at Lake Lacawac to test the model
against direct measurements via statistical analysis. In addition, chains ofunderwater
thermistors will be installed at both floating weather stations to provide continuos and
detailed thermal profiles ofboth lakes. The generality of the evaporation model could
also be testes by installing wind, temperature and relative humidity sensors 1 m above
the surface ofLake Lacawac in addition to the 3 m sensors. The data from this height
might allow us to find one unique solution to the model that can be applied to both
lakes, which would further indicate that the model can be readily applied to other
lakes as well.
Furthermore, an array of lake-bottom measurements ofpressure gradients and
sediment permeability would be especially valuable to resolve the contribution of in-
seepage to net seepage. This would help to constrain the water budgets by addressing
whether substantial inseepage contributes to the net seepage values reported here.
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